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PREFACE 
This  r e p o r t  covers one aspect  of a p r o j e c t  being c a r r i e d  out  under 
NASA Grant NsG-609 a s  an i n t e r d i s c i p l i n a r y  a c t i v i t y  i n  t h e  Departments 
of  Physics  and Chemistry a t  Oklahoma S t a t e  University.  The p r o j e c t  i s  
e n t i t l e d  "Surface Parameters of Solids" and has a s  i t s  p r i n c i p a l  research 
purpose an i n v e s t i g a t i o n  of the f e a s i b i l i t y  of employing s e v e r a l  non- 
t r a d i t i o n a l  experimental techniques t o  provide new i n s i g h t  i n t o  t h e  na tu re  
of s o l i d  su r faces .  P r i n c i p a l  i n v e s t i g a t o r s  a r e  D r .  E .  E .  Kohnke, De- 
partment of Physics and D r .  C. M. Cunningham, Department of Chemistry. 
Graduate s tuden t s  from both departments a r e  involved i n  t h e  t o t a l  labo- 
r a t  o ry  program. 
The m a t e r i a l  contained i n  t h i s  r e p o r t  has been used by M r .  5 .  L. 
I Rutledge, NASA Trainee,  i n  p a r t i a l  f u l f i l l m e n t  of t h e  requirements f o r  
t h e  degree Master of Science (Physics). 
t h e  Spring Commencement, May 1966. 
H i s  degree i s  t o  be awarded a t  
M r .  Rutledge is continuing work toward the  Ph.D. degree wi th in  the  
framework of t h i s  p r o j e c t .  
E. E. Kohnke and C. M. Cunningham 
P r o j e c t  Supervisors 
ABSTRACT 15775 
A conventional gas adsorpt ion apparatus  employing 32 volumes d i f -  
c 
f e r i n g  by about 8 cm3 i n  t he  c a l i b r a t e d  bulb system has been constructed 
and w e d  t o  measure t h e  volume o f  n i t rogen  adsorbed a s  a func t ion  of  
p re s su re  on t h r e e  forms of SnO --powder, ceramic and gel--at  78 K. The 
s p e c i f i c  su r face  of each sample was ca l cu la t ed  from each isotherm ac- 
cording t o  t h e  B.E.T. equat ion and geometric considerat ions r e s u l t i n g  
i n  t h e  following a reas :  
0 
2 
L 1 )  SnO Powder (Reagent Grade) - 2.0 m /gm 
7 )  S n O  C e y n m i r  ( T e r n  Density) - 0,37 m ./p 
3) 
I n  add i t ion ,  t h e  adso rp t ion  isotherms have been analyzed t o  de t e r -  
2 
2 
2 
2 Sn02 G e l  ( Ion-free)  - 173 m /gm 
- 
mine t h e  na tu re  of t h e  su r faces  with r e spec t  t o  pores and c a p i l l a r i e s .  
For t h e  ceramic specimen, a type I1 isotherm with no h y s t e r e s i s  i n d i c a t e s  
pore r a d i i  g r e a t e r  than 3001. The g e l  exh ib i t ed  a type I isotherm with 
no h y s t e r e s i s  suggest ing small c a p i l l a r i e s  of molecular dimensions ( i . e . ,  
20i-). The powder sample exhibi ted a type I1 isotherm without h y s t e r e s i s  
i n d i c a t i n g  t h a t  no s i g n i f i c a n t  number of small  pores a r e  p re sen t  i n  each 
grain.  A s p h e r i c a l  p a r t i c l e  model f o r  t h e  powder and a s i m i l a r  s p h e r i c a l  
pore model f o r  t h e  ceramic yielded p a r t i c l e  and pore s i z e  c o n s i s t e n t  w i th  
t h e  shapes and magnitudes of the measured isotherms. 
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CHAPTEIZ I 
INTRODUCTION 
I n  r e c e n t  yea r s  c e r t a i n  phenomena have appeared i n  e l e c t r i c a l  
s t u d i e s  of s o l i d s  which can only be explained by assuming t h e  ex i s t ence  
of e l e c t r o n i c  states loca ted  on t h e  su r faces  of t he  v a r i o u s  ma te r i a l s .  
Subjec ts  of i n v e s t i g a t i o n  have included con tac t s  and metal-semiconductor 
1 2 j unc t ions  , conduct iv i ty  as a func t ion  of ambient atmosphere , su r face  
conduct iv i ty  , photoconduct ivi ty  , e t c .  I n  r ecen t  work on the  metal 
oxides  i t  has been assumed t h a t  a t  l e a s t  some of t h e i r  p r o p e r t i e s  are 
dependent upon su r face  s t a t e s  a f f e c t e d  by chemisorbed hydrogen and 
3 4 
295 oxygen. 
It i s  t h e  purpose of t h e  s tudy repor ted  here  t o  i n v e s t i g a t e  param- 
eters, p a r t i c u l a r l y  su r face  area and geometry, which should be r e l a t e d  
t o  these  phenomena. The method used is the  measurement of t he  phys ica l  
adsorp t ion  of n i t rogen  on su r faces  of i n t e r e s t .  This  i s  dependent upon 
both su r face  area and geometry and is a b a s i c  t o o l  i n  t h e  s tudy  of 
c a t a l y s t s .  Fur ther  work w i l l  a t tempt  t o  u t i l i z e  these  r e s u l t s  simul- 
taneously wi th  an  e l e c t r o n i c  ana lys i s  of t he  m a t e r i a l ' s  behavior i n  
order  t o  determine what c o r r e l a t i o n s  e x i s t .  
I n  t h i s  prel iminary work an adsorp t ion  appara tus  has been con- 
s t r u c t e d  which is capable  of measuring B.E.T. su r f ace  a r e a s  on samples 
whose e l e c t r o n i c  p r o p e r t i e s  may be analyzed. The material se l ec t ed  
f o r  s tudy i s  s t a n n i c  oxide as t h e r e  i s  a concerted l o c a l  e f f o r t  t o  
1 
2 
analyze i t s  e l e c t r o n i c  s t r u c t u r e  i n  both c r y s t a l l i n e  and ceramic 
form. 6 ' 7 ' 8 ' 9  
ductor  which e x h i b i t s  a marked response t o  ambient atmosphere. 
s tudy of t h i s  ma te r i a l  it h a s  been necessary t o  assume a su r face  poten- 
t i a l  b a r r i e r  model, which presumably is  dependent upon oxygen chemi- 
so rp t ion ,  t o  e x p l a i n  observed e f f ec t s . '  I n  ceramic form t h e  s u r f a c e  
area of t h i s  material may be con t ro l l ed  t o  a c e r t a i n  ex ten t  during 
p repa ra t ion  and may a l s o  be measured independently. Samples of t h i s  
n a t u r e  should e x h i b i t  s u r f a c e  e f f e c t s  i n  varying degrees and as  t h e  
su r face  area decreases t h e  e l e c t r o n i c  p r o p e r t i e s  should tend toward 
those of t h e  pure c r y s t a l l i n e  substance.  
I n  add i t ion ,  s t ann ic  oxide i s  a l a r g e  band gap semicon- 
I n  the 
n.l A *  u - - - 4 - - 4 - - 1  j / & . L I I b * p 4 .  r n e . . l t  L \ - Y U I . L cf t h i s  s>ddy, the surfncg f.,=s 
determined f o r  t h r e e  forms of s t a n n i c  oxide (powder, ceramic, and ge l )  
and c e r t a i n  in fe rences  made as t o  t h e i r  pore s t r u c t u r e .  Models of con- 
f i g u r a t i o n  which should be i n d i c a t i v e  of pore s t r u c t u r e  are i n  agreement 
wi th  measured values. Though t h e  g e l  may no t  be s u i t a b l e  f o r  e l e c t r o n i c  
study i t  should e x h i b i t  t he  same c r y s t a l l i n e  s t r u c t u r e  as the  o the r  
samples and i n  a d d i t i o n  i t  has a l a r g e  s u r f a c e  area which makes i t  a 
convenient sample f o r  s u r f a c e  s t u d i e s  by gas adso rp t ion  and I - R  absorp- 
t i o n  techniques.  It should be p o s s i b l e  t o  make c e r t a i n  in fe rences  from 
t h i s  type of study which w i l l  be v a l i d  f o r  t h e  o the r  specimen forms. 
I n  a d d i t i o n ,  modif icat ions t o  t h e  apparatus  are  proposed which 
w i l l  i nc rease  i t s  accuracy, decrease i t s  phys ica l  s i z e ,  improve i t s  
ease of operat ion,  decrease i t s  c o s t  and s impl i fy  i t s  d e t a i l .  These 
modif icat ions are n o t  r e s t r i c t e d  t o  t h i s  p a r t i c u l a r  p i ece  of  apparatus ,  
b u t  should be a p p l i c a b l e  t o  any design of t h i s  na tu re .  
CHAPTER I1 
TJBORY OF PHYSICAL ADSORPTION 
As e a r l y  as 1777 i t  w a s  noticed t h a t  when carbon i s  mixed wi th  a 
Shor t ly  t h e r e a f t e r ,  i n  1791, gas a r educ t ion  of t o t a l  volume occurs.  
a colored l i q u i d  w a s  made c l e a r  by f i l t e r i n g ' t h r o u g h  charcoal .  U n t i l  _ - -  
t h e  beginning of t h e  twent ie th  century,  however, very l i t t l e  q u a n t i t a -  
t ive  work was done on t h i s  phenomenon although it had obtained by t h a t  
t i m e  t he  name adsorpt ion.  
There are two c l o s e l y  r e l a t e d  phenomena of t h i s  n a t u r e ,  adsorpt ion 
and absorpt ion.  The f i r s t  r e f e r s  t o  the  adsorbate  ( t h e  substance being 
taken up) becoming a t t ached  t o  the  su r face  of an adsorbent ,  while  ab- 
s o r p t i o n  occurs when the  absorbate  a c t u a l l y  p e n e t r a t e s  i n t o  t h e  absor-  
bent .  This l a t t e r  does not  imply t h a t  adsorpt ion occurr ing i n  pores  of 
t h e  adsorbent  i s  an absorpt ion phenomenon. I n  general ,  t h e  adsorbate  
may be e i t h e r  a l i q u i d  o r  a gas. This study i s  p r imar i ly  concerned 
with gas adsorpt ion upon s o l i d  s u r f a c e s .  
I n  p r i n c i p l e ,  i t  i s  poss ib l e  t o  d i v i d e  adso rp t ion  i n t o  two separ-  
a te  c l a s s e s ,  phys i ca l  adsorpt ion and chemical adso rp t ion ,  though 
f r equen t ly  i t  i s  impossible t o  determine which c l a s s  c h a r a c t e r i z e s  a 
given system. 
the h e a t  of adsorption." 
t i o n  is  roughly comparable t o  t h e  h e a t  of l i q u e f a c t i o n  of t h e  gas .  
Chemical adsorpt ion i s  cha rac t e r i zed  by much l a r g e r  h e a t s  of adso rp t ion ,  
The primary c r i t e r i o n  f o r  d i s t i n g u i s h i n g  t h e  two e n t a i l s  
I n  physical  adso rp t ion  the h e a t  of adsorp- 
3 
4 
roughly comparable t o  h e a t s  of chemical r e a c t i o n s .  The v a l i d i t y  of 
t h i s  d i s t i n c t i o n  l i es  i n  t h e  f a c t  t h a t  most systems f a l l  r e a d i l y  i n t o  
one o r  another  of t he  two classes. For such systems one f i n d s  that 
phys ica l  adsorpt ion i s  r e v e r s i b l e  while  chemical adso rp t ion  i s  no t .  
T h i s  property i s  o f t e n  used t o  d i s t i n g u i s h  t h e  two phenomena. 
Of primary i n t e r e s t  is the na tu re  of the su r face  of t h e  adsorbent .  
Phys ica l  adsorpt ion i s  w e l l  cha rac t e r i zed  from a t h e o r e t i c a l  viewpoint.  
Hence t h e  a n a l y s i s  of phys i ca l  adsorpt ion i s  used t o  determine a 
su r face  area and s t r u c t u r e  which are a l s o  considered t o  be v a l i d  f o r  
t h e  less w e l l  understood chemical adso rp t ion  phenomena. 
I n  order t o  c h a r a c t e r i z e  physical  adsorpt ion the theory must 
account for tne dependence of cne amounc of gas  atisorbeti upon p res su re  
and temperature. The earliest a t t empt s  u t i l i z e d  Henry's l a w  which had 
been developed f o r  the s o l u t i o n  of gases i n  l i q u i d s .  According t o  
Henry's l a w  t h e  amount of gas adsorbed a t  cons t an t  temperature i s  pro-  
p o r t i o n a l  t o  t h e  p re s su re .  This l a w  appears t o  be v a l i d  a t  ordinary 
temperatures and low p res su res .  10 
Later, Langmuir developed a n  adso rp t ion  equat ion.  Necessary and 
s u f f i c i e n t  assumptions f o r  the t h e o r e t i c a l  development of t h i s  isotherm 
are: molecules are adsorbed a s  d i s c r e t e  u n i t s  on d i s c r e t e  sites and 
t h e r e  i s  no la te ra l  i n t e r a c t i o n  between adso rba te  molecules. The . 
r e s u l t i n g  isotherm i s  8 = bp/l+bp where 0 i s  t h e  f r a c t i o n  of t h e  si tes 
occupied, b is  a cons t an t  a t  each temperature and p t h e  p re s su re .  A t  
low p res su res  t h i s  reduces t o  Henry's law. 
The next  major advance i n  the  theory of adso rp t ion  occurred i n  
1938 w i t h  the  development of the B.E.T. equat ion by Brunauer, Emnet t  
and Teller. Their r e s u l t  i s  of g r e a t  p r a c t i c a l  u t i l i t y  as i t  involves  
5 
only two parameters and i s  app l i cab le  t o  t h e  majori ty  of measured i s o -  
therms. As i t s  use  is c u r r e n t l y  accepted as  the  b e s t  means of d e t e r -  
mining su r face  area of porous s o l i d s  i t  i s  used i n  t h i s  s tudy t o  eva lua te  
the  s u r f a c e  area of t h e  samples. 
It is p o s s i b l e  t o  t h e o r e t i c a l l y  d e r i v e  the  B.E.T. adsorpt ion equa- 
t i o n  by several techniques.  However, t h e  k i n e t i c  method'' i s  most : 
easi ly  understood without  t h e  background r equ i r ed  by t h e  more e l egan t  
s t a t i s t i c a l  methods. 
I n  the  k i n e t i c  de r iva t ion  i t  i s  assumed t h a t  each gas molecule i n  
t h e  second o r  higher layers i s  adsorbed d i r e c t l y  upon a gas molecule 
below it .  On a microscopic sca l e  a c e r t a i n  p o r t i o n  of t h e  su r face  of 
t h e  adsorbent is covered. Xoiecuies iorming iile siecuiib layei: are ad- 
sorbed v e r t i c a l l y  upon t h e  molecules of t h e  f i r s t  layer. The second 
l a y e r  i s  s i m i l a r l y  covered i n  par t :  by t h e  t h i r d  l a y e r ,  etc.  Hence, on 
a microscopic s c a l e  t h e  adsorbed gas exists i n  v e r t i c a l  p i l e s .  In  
r 
a d d i t i o n ,  a l l  i n t e r a c t i o n  between ad jacen t  p i l e s  i s  neglected.  
I n  order  t o  c h a r a c t e r i z e  adso rp t ion  on t h i s  p i c t u r e  i t  i s  conven- 
as t h e  areas c w e r e d  by 0,1,2, ... i"' i e n t  t o  de f ine  S o ,  sl, s2, ... s 
adsorbed l a y e r s .  
rium t h e  rates of adso rp t ion  and evaporat ion from t h e  i t h  l a y e r  must 
The Si is the  area of t h e  adsorbent ,  A .  A t  e q u i l i b -  
be equal ,  i .e . ,  
-E. /RT 
1 a.PS = b.S.e 
1 i-1 1 1  
The adsorpt ion ra te  i s  proport ional  t o  t h e  number of molecules s t r i k i n g  
t h e  lower level pe r  second and thus p ropor t iona l  t o  i t s  area and t h e  
p re s su re ,  P, i n  t he  gas phase. The rate of evaporat ion i s  p ropor t iona l  
t o  t h e  area of t h e  l a y e r  and depends exponen t i a l ly  upon t h e  binding 
6 . -. 
energy and t h e  temperature.  
i t y  . 
a and b.  are the  cons t an t s  of propor t iona l -  i 1 
The volume of gas adsorbed is  given by: 
v = v )-'isi, 
0 ,  
i=O 
The r e l a t i v e  volume of gas adsorbed is  given by: 
(I) 
i 
1 is 
V V i = O  , 
-=: - = 
where vm i s  the  volume of gas  requi red  t o  cover t h e  su r face  A wi th  a 
monolayer. 
I n  order  t o  f u r t h e r  reduce t h i s  equat ion  i t  is  necessary t o  assume: 
s u r f a c e  (4) 
of l i q u i f i c a t i o n  
El = cons tan t  f o r  t h e  t o t a l  
E2 = E3 = ... E = 5 = Heat 
of adsorbate  
bi/ai  = cons tan t .  (i = 2,3 4 ,... ) .  
To s impl i fy  n o t a t i o n  i t  is p o s s i b l e  t o  d e f i n e  
(7) 
E /RT y = a / b  P e L  . 1 1  
Thus, 
s1 = yso.  
S imi l a r ly ,  de f in ing  
a E ~ / R T  
b, 
Pe i x = -  
one obta ins  
i-lS i-1 i 
= yx s = cx so, 1 0 si = = x 
where 
f, " - -. c2 - - 
aLIJel LLLls thsse relations i n t o  Equation 3 one obta ins :  
a, 
i-r 
i=l 
U t i l i z i n g  the  f a m i l i a r  sum of a geometric series one recognizes  
and 
W rn 
i=l (1-X) 
These r e l a t i o n s  allow reduct ion  of Equation 12 t o :  
X 
c) 
C 
V ( 1 - X l L  - cx - =  
V cx (1 -X) (1 -X+cx) * m 1+- 1 -x 
By cons ider ing  the  case when the  su r face  is  t h i c k l y  covered and 
recognizing t h a t  t h e  problem i s  i d e n t i c a l  wi th  vapor i za t ion  from the  
l i q u i d  phase, it i s  p o s s i b l e  t o  e v a l u a t e  X more p r e c i s e l y .  I n  gas- l iqu id  
8 
equi l ibr ium, rates of condensation and evaporation are equal .  There- 
f o r e ,  
- F p  
a.P S = b.Se 
1 1 0  
where P 
Therefore,  
i s  t h e  vapor p re s su re  of t h e  adsorbate  a t  temperature T. 
0 
a i x = -  
bi 
EL/RT 
Pe P = - *  
Equation 16 then becomes t h e  simple or " i n f i n i t e  form" of t h e  
B.E.T. equat ion,  namely: 
v CP/P0 
v =  (1 - P/Po)(l  +(C-1)P/P0)' 
rn 
I n  use,  t h i s  equat ion i s  p l o t t e d  i n  l i n e a r  form, 
P/Po 1 c-1 
V(l-P/Po) vmc vmc 
- - + -   m0, 
(19) 
which makes i t  p o s s i b l e  t o  g raph ica l ly  eva lua te  v . L e t t i n g  S be t h e  
s lope  of t h e  graph and I i ts  i n t e r c e p t ,  i t  i s  r e a d i l y  shown t h a t  
m 
1 v = - .  m I + S  
One wishes t o  cha rac t e r i ze  t h e  su r face  of  t h e  adsorbent  by i t s  
area which makes i t  necessary t o  assume a molecular s ize  and some s o r t  
of packing of t h e  gas molecules on t h e  s u r f a c e .  
i n  t h i s  area u t i l i z e s  as a measure of v 
The accepted "area" of a ni t rogen molecule is  16.2 8 . 
ings then allow the conversion f a c t o r  t o  range from 
The major i ty  of work 
the  u n i t  of Cm3 of gas a t  S.T,P. m 
2 
Various pack- 
A = 4.36 vm t o  A = 4.38 vm, 
2 
where A has the u n i t s  M . 
. 
*. 
4 
I i s  t b n o t  d t h a t  t h e  d 
9 
r i v a t i o n  makes several assumptions, 
a l l  of which have been questioned. Many papers have been w r i t t e n  i n  
c r i t i c i s m  of the theory b u t  t h e  general  consensus of opinion is that 
t h e  B.E.T. areas are reasonably v a l i d .  'O'" I n  a d d i t i o n ,  over a re- 
s t r i c t e d  p res su re  range, a l l  major types of isotherms are f i t t e d  by t h e  
two parameter equat ions.  
remains, t o  date, the  standard method f o r  measurements of s u r f a c e  area 
of s o l i d  materials. 
Thus it i s  of g r e a t  p r a c t i c a l  u t i l i t y  and 
One of t he  major assumptions of t h e  B.E.T. theory i s  t h a t  t he  su r -  
f ace  of the adsorbent  is  uniform. Th i s  i s  not  l i k e l y  t o  be t h e  
case. 'O'" I n  a d d i t i o n ,  t h e  theory does not t a k e  i n t o  account t h e  
which f i l l  a t  a c e r t a i n  pressure and then c o n t r i b u t e  no longer t o  t h e  
adsorpt ion process  a t  higher  p re s su res .  As a consequence, t he  isotherms 
a r e  v a l i d  i n  general  only over a re la t ive  p res su re  range from 0.05 t o  
0.30. The dev ia t ion  a t  higher p r e s s u r e s  i s  a t t r i b u t e d  mainly t o  pore 
or c a p i l l a r y  e f f e c t s .  lo The n a t u r e  of t hese  pores has become a major 
12,13,14 area of study. 
Pores  and c a p i l l a r i e s  o f t en  cause the  isotherm t o  d e v i a t e  s i g n i f i -  
c a n t l y  from a n  isotherm of the same material i n  a nonporous s ta te .  
Brunauer c l a s s i f i e d  commonly observed i s o t h e r m s ' i n t o  f i v e  c a t e g o r i e s  
(Fig.  l a ) .  Langmuir a t t r i b u t e d  t h e  type I isotherm t o  mono-layer 15 
adsorpt ion.  Types I1 and I11 are the  normally expected isotherms on 
nonporous materials. Type I1 is most f requent  and i s  a s s o c i a t e d  with 
a higher h e a t  of adso rp t ion  than t h e  rare type 111. 
are c h a r a c t e r i s t i c  of porous adsorbents .  lo 
Types IV and V 
It i s  t o  be noted that 
types IV and V e x h i b i t  a steep p o r t i o n  a t  p re s su res  above 0 . 5  Po. 
10 . 
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Figure 1. Brunauer's and de Boer's Isotherms. 
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Th f i l l i n  s t e e p  rises are a t t r i b u t e d  t o  t h  of pores .  l2 I n  a d d i t i o n ,  
de Boer has c l a s s i f i e d  f i v e  types of isotherms wi th  a s t e e p  p o r t i o n  i n  
e i t h e r  t h e  adso rp t ion  o r  desorption branch (Fig. l b ) .  He d i scusses  a 
number of pore shapes and i n d i c a t e s  how each c h a r a c t e r i s t i c  shape a f -  
f e c t s  t h e  appearance of t he  isotherm. 
s t e e p  a t  high re la t ive  pressures  ( i . e . ,  above 0.5) and shuw h y s t e r e s i s .  
A l l  f i v e  bf t hese  isotherms are 
It i s  p o s s i b l e  t o  analyze such isotherms and determine t o  some 
e x t e n t  t h e  n a t u r e  of t h e  pores.  12’13’16 
on t h e  Kelvin equat ion which implies t h a t  t he  p re s su re  a t  which a 
substance l i q u e f i e s  is g r e a t l y  lowered i f  t h e  l i q u i d  su r face  has a 
Such an a n a l y s i s  is based up- 
h igh ly  concave curvature .  
of moiecuies are adsorbed uii the wa:lc sf a siiisll p r e  they mct and 
form such a meniscus. 
changes t o  one of l i q u e f a c t i o n .  The l i q u i d  i s  mobile and f i l l s  almost 
immediately the  e n t i r e  pore r e s u l t i n g  i n  the  appearance of a s t e e p  r ise  
i n  t h e  adso rp t ion  isotherm. 
t i o n  fmm t h e  l i q u i d  s u r f a c e  in s t ead  of from higher adsorbed l a y e r s .  
Since the mechanisms of adsorpt ion and desorpt ion are d i f f e r e n t ,  porous 
s o l i d s  with such pores  e x h i b i t  h y s t e r e s i s .  
h y s t e r e s i s  which i s  analyzed t o  determine pore shape and s ize  d i s t r i b u -  
t i o n .  I n  such a n  a n a l y s i s ,  pores wi th  r a d i i  l a r g e r  than 300B are 
neglected as a g r e a t  many l a y e r s  would be r equ i r ed  f o r  formation of a 
l i q u i d  su r face .  
The a n a l y s i s  assumes t h a t  a f t e r  a few l a y e r s  
A t  t h i s  p o i n t  t h e  mechanism f o r  f i l l i n g  t h e  pores 
On desorpt ion the  pores empty by evapora- 
It i s  t h e  na tu re  of t h i s  
13 
I n  general ,  as t h e  pore diameter i nc reases ,  t h e  p re s su re  a t  which 
t h e  isotherm becomes s t e e p  increases .  The type pores  j u s t  discussed 
are r e f e r r e d  t o  as t r a n s i t i o n  type pores  as  the  mechanism of f i l l i n g  
changes during t h e  process of adso rp t ion .  
a 
. 
1 4  
12 
I n  a d d i t i o n  t o  t r a n s i t i o n  type pores  i t  i s  gene ra l ly  recognized 
. 
14917 In t h a t  very f i n e  c a p i l l a r i e s  e x i s t  which e x h i b i t  no h y s t e r e s i s .  
t h e s e  pores  two e f f e c t s  occur which make a l i q u i d  i n t e r f a c e  form a t  
extremely low pres su res .  The two involve pores of  such a small diam- 
eter t h a t  an adsorbate  molecule i n t e r a c t s  w i th  a much l a r g e r  area of 
t h e  adsorbent  than it would i f  the w a l l  were f l a t .  Th i s  r e s u l t s  i n  a 
much tighter binding t o  t h e  surface and exp la ins  the  i n i t i a l l y  high 
energy of adsorpt ion found i n  many cases .  This s t ronge r  i n t e r a c t i o n  
causes p r e f e r e n t i a l  adsorpt ion i n  t h e  neck of t h e  pore and enough 
l a y e r s  of adsorbed gas are bound t o  form a l i q u i d  i n t e r f a c e .  The 
process  of f i l l i n g  them appears as l i q u e f a c t i o n  on a highly concave 
meniscus. 
been developed f o r  determining t h e i r  s i z e .  
m. i n e s e  pores are of moiecuiar dimensions and. no method. has 
As is  t o  be expected, the s t e e p  p a r t  of t h e  isotherm occurs a t  
ve ry  low pres su re .  Once t h e  pores are f i l l e d  t h e r e  i s  very l i t t l e  f r e e  
su r face  l e f t  f o r  f u r t h e r  adsorpt ion and thus t h e  adsorpt ion isotherm 
appears f l a t  a t  higher pressures .  Th i s  mechanism, t h e r e f o r e ,  may a l s o  
account f o r  type I isotherm, without assuming mono-molecular adsorpt ion.  
There are o the r  p r o p e r t i e s  a s soc ia t ed  wi th  t h i s  type isotherm which i n  
c e r t a i n  cases  make the  mono-molecular hypothesis  untenable.  It most 
f r equen t ly  occurs wi th  carbons of high su r face  area i n  the order  of 
2000 M /gm. 
atom c o n t r i b u t e  4 8 
i s  t o  be noted t h a t  g raph i t e  with a much lower su r face  area e x h i b i t s  
t he  expected type I1 isotherm. 
2 This high a surface area would r e q u i r e  t h a t  each carbon 
2 t o  the t o t a l  su r f ace  which seems unreasonable. It 
I n  summary, t h e  B.E.T. equation can be app l i ed  t o  a l l  f i v e  types 
of  isotherms i n  order  t o  c a l c u l a t e  t h e  mono-molecular volume and hence 
.. . 
13 
the surface area, although i t s  appl icabi l i ty  t o  the type I isotherm i s  
t o  be strongly questioned. 
no pores less than 300 8 radius or nonporous s o l i d s  i s  Brunauer's type 
11. The type I isotherm may be associated with capil lary condensation 
The expected isotherm for porous so l ids  with 
i n  pores of molecular dimensions or mono-molecular adsorption. 
. 
. 
EQUIPMENT DESIM AND CONSTRUCTION 
An adsorpt ion appararus must be capable of measuring an amount of 
gas,  a l lowing i t  t o  come i n  contact  w i t h  a sample then determing t h e  
amount of gas remaining i n  the gas phase. I n  a d d i t i o n ,  it must be a b l e  
t o  change t h e  p re s su re  by a l t e r i n g  some parameter such as volume or 
amount of gas i n  order  t o  determine a series of p o i n t s  as a func t ion  
of p re s su re .  I n  order  t o  u t i l i z e  t h e  B.E.T. equat ion p rov i s ions  must 
be made f o r  simultaneously observing t h e  vapor p re s su re  of t h e  adsor-  
b a t e  i n  a d d i t i o n  t o  volume of gas  adsorbed and p res su re .  I n  order  t o  
analyze o t h e r  p r o p e r t i e s  of the sample such as pore s t r u c t u r e  it is  
necessary t o  o b t a i n  adsorption d a t a  over a range of p r e s s u r e s  from 
nea r ly  ze ro  t o  the vapor pressure of t he  adsorbate  ( i .e . ,  around 
atmospheric p re s su re  f o r  ni t rogen adso rp t ion  a t  78 0 K). 
To m e e t  t hese  demands i t  is  necessary f o r  t h e  apparatus  t o  f u l f i l l  
c e r t a i n  requirements.  Such an appa ra tus  w i l l  c o n s i s t  of  two major 
components, t h e  adsorpt ion system (containing a gas b u r e t t e ,  sample 
chamber and manometer, (Figs.  2 & 3) and a s s o c i a t e d  equipment ( fo r  
evacuat ing the  system, f i l l i n g  it w i t h  p u r i f i e d  gas,  i s o l a t i n g  the  
system, vapor p re s su re  measuring device,  e t c .  ) . 
I n  a d d i t i o n ,  t h e  apparatus should have as  small a f r e e  volume as 
p o s s i b l e  and freedom from leaks.  P rov i s ions  must be made t o  h e a t  t h e  
sample f o r  outgassing and then t o  reduce i t s  temperature t o  t h e  
14 
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LEGEND FOR FIGURE 2 
A .  . . . . Gas s to rage  bulbs  
B. . . . Hot copper t r a p  (35OOC) 
C. . . . Cold t r a p  (78OK) 
D. . . . . S i l i c a  gel t r a p  
E. . . . . Cold trap (78OiC; 
F. . . . . Cold cathode vacuum gauge 
G. . . . . Toeppler pump 
H. . . . . Gas b u r e t t e  
I. . . . . Mercury r e s e r v o i r  €or b u r e t t e  
J. . . . I s o l a t i o n  stopcock f o r  f i l l i n g  b u r e t t e  
K. . . . . I s o l a t i o n  stopcock f o r  evacuat ing sample 
L. . . . Sample bulb 
M. . . . . Vapor pressure  cold bulb 
N. . . . Pressu r i z ing  pump for  vapor pressure  device 
0. . . . . Vapor pressure  manometer 
P. . . . . Constant volume manometer 
Q. . . . F i l t e r  bulbs f o r  main manometer 
R. . . . . Level a d j u s t  f o r  constant  volume manometer 
S.  . . . . Mercury r e s e r v o i r  for cons tan t  volume manometer 
T. . . High vacuum manifold 
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Figure 3 .  Deta i l  of Mhnometer. 
(Legend on Page 18) 
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LEGEND FOR FIGURE 3 
A. . . . . Fluorescent l ight  bulb 
B.  . . . . Movable s lot ted  s l i d e  
C .  . . . . Manometer tube 
D.  . . . . Glass front to manometer case 
E. . . . . Cathetmeter mter bar 
F. . , . . Cathetometer telescope 
G .  . . . . Tungsten contacts 
H .  . . . . Manometer meter bar 
I ,  . . . . F i l t e r  bulbs 
J .  . . . . Glass to  s ta in le s s  s t e e l  s e a l  (wax) 
K .  . . . Piston pump 
L. . . . . SS valve (Whitey) 
M .  . . . . SS mercury reservoir 
N .  . . . . Electronic l eve l  indicator 
0. . . . , Constant volume manometer reference leg 
19 
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temperature des i r ed  f o r  t he  isotherm. Since gas  p re s su re  depends s t rong ly  
upon t h e  temperature,  thermometers must  be placed a t  appropr i a t e  po in t s .  
The temperature of t he  manometer must a l s o  be monitored as t h e  measured 
p res su re  and must be cor rec ted  f o r  temperature e f f e c t s .  As with  a l l  
equipment, b e t t e r  r e s u l t s  w i l l  be obtained i f  t h e  design i s  kept  as 
simple as poss ib l e .  
Adsorption a p p a r a t i i  have been around f o r  some t i m e  so it  is  advis- 
a b l e  only t o  note  those  poin ts  which have been s i g n i f i c a n t l y  altered 
from conventional design.  A good r e fe rence  f o r  design and cons t ruc t ion  
i s  Methods - of S c i e n t i f i c  - Glass Blowin&18 which covers design problems 
q u i t e  c a r e f u l l y .  
The presezt rlesig?. includes 8 g=z h-,or;d',ing systeiii gat2eriie.d aftez 
Constabaris ,  S ingle ton  and Haleeyt9 a n i t rogen  vapor p re s su re  manometer, 
and a gas p u r i f i c a t i o n  system a f t e r  Anhorn and Barr. The manometer 
i s  of o r i g i n a l  des ign  u t i l i z i n g  the  r e fe rence  i n d i c a t o r  of Anhorn and 
Barr18 and suggest ions by Cunningham. 20 
19 Because Anhorn and Barr" and Constabaris ,  S ingle ton  and Halsey 
c w e r  most of t h e  d e t a i l s  of design,  most of t h e i r  material i s  not 
reproduced here .  The diagram of t h e  complete appara tus  (Fig. 2) and 
the  following d i scuss ion  contain s u f f i c i e n t  information f o r  t he  con- 
s t r u c t i o n  of a similar apparatus  though t h e  two r e fe rences  may be he lp-  
f u l .  
The appara tus  d i f f e r s  s i g n i f i c a n t l y  from convent ional  design only 
i n  t h e  gas b u r e t t e  and the  manometer. These two components a long wi th  
a d i scuss ion  of tub ing  s i z e s  and n i t rogen  vapor p re s su re  "thermometer" 
a r e  t o  be d iscussed .  
The main f e a t u r e  d i f f e r i n g  from standard design i s  t h e  gas 
.. . 
20 
b u r e t t e  (Fig.  4). The s t  ndard design cont i n s  f i v e  o r  s ix  c a l i b r a t e d  
bulbs  connected so  t h a t  t h e  l a r g e s t  is  f i l l e d ,  then t h e  next l a r g e s t ,  
e t c . ,  u n t i l  a l l  are f i l l e d .  This r e s u l t s  i n  only s i x  or  seven p o i n t s  
before  t h e  system must be recharged wi th  gas .  By p lac ing  t h e  bulbs  i n  
p a r a l l e l  (i.e., so each may be f i l l e d  o r  emptied independently of t h e  
o the r s )  i t  is  p o s s i b l e  with f ive  bulbs  t o  o b t a i n  32 p o i n t s .  I n  t h e  
3 p r e s e n t  apparatus  t h e  smallest bulb had a volume of nea r ly  8 c m  , t he  
next  a volume of 16 cm , t h e  t h i r d  32 c m  , t he  fou r th  64 cm , t h e  f i f t h  
128 cm . This allowed the volume of t h e  system t o  be reduced i n  s t e p s  
3 3 3 
3 
3 of 8 c m  ( i .e. ,  8, 16,  24, 32 ...). The volumes l i s t e d  above are only 
approximate f o r  purpose of s i m p l i c i t y .  The a c t u a l  volumes w e r e  7.005, 
3 15.529, 31.607,  66 .884 ,  zzd 125.822 c!z respectively. These X!lt?l??es 
were evaluated by determining t h e  mass of mercury r equ i r ed  t o  f i l l  t h e  
bulbs between two etched reference marks and c a l c u l a t i n g  the  volume from 
t h e  dens i ty  of mercury a t  t h e  appropr i a t e  temperature. 
c a l i b r a t i o n  is  i n  t h e  order  of 0.01 c m  . The bulbs are contained i n  a 
water ba th  whose temperature is monitored by a thermometer. 
The accuracy of 
3 
The manometer (Fig.  3) i s  constructed so t h a t  t he  p re s su re  s i d e  i s  
always a t  t h e  same l e v e l  when r ead ings  are taken, t hus  maintaining a 
cons tan t  volume i n  t h e  adsorpt ion system. This  level is  ind ica t ed  by 
a n  e l e c t r o n  r ay  tube with con tac t  t o  t h e  mercury made by two tungsten 
feed-throughs. 
mercury i s  ad jus t ed  t o  approximately t h e  proper level by changing the  
a i r  p re s su re  a t  the top of the s t a i n l e s s  s teel  mercury r e s e r v o i r .  The 
mercury flow i s  then shu t  o f f  by means of a va lve  and t h e  small O-ring 
sealed p i s t o n  is  r u n  i n  or out f o r  t he  f i n a l  adjustment as ind ica t ed  
on the  e l e c t r o n  r a y  tube. 
This  device i s  p a t t e r n e d  a f t e r  Anhorn and Barr. l8 The 
. 
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Figure 4 .  Schematic of adsorption system. 
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The complete manometer i s  enclosed i n  a wood case wi th  a g l a s s  
f r o n t .  This  case has a f luorescent  l i g h t  behind the  mercury columns 
and a v e r t i c a l l y  movable s l o t t e d  s l i d e .  I n  use  t h i s  s l i d e  i s  pos i t i oned  
so t h a t  a narrow beam of l i g h t  passes  j u s t  over t he  mercury meniscus. 
The p res su re  is measured on a p r e c i s i o n  m e t e r  bar  enclosed i n  the case .  
Irr addition, a cathetometer capable of reading  t o  0.001 cm i s  used t o  
determine t h e  he igh t  of t h e  mercury above the  index mark on t h e  meter 
ba r .  
Both s i d e s  of t h e  manometer a r e  cons t ruc ted  of t he  same p iece  of 
1/2" prec i s ion  bore tubing t o  reduce c a p i l l a r y  e f f e c t s .  
l oca t ed  below t h e  manometer f i l t e r  ou t  f l o a t i n g  impur i t i e s  i n  t h e  
mercury . 
The bulbs  
The n i t rogen  vapor pressure  "thermometer" i s  pa t t e rned  a f t e r  t h e  
design of Anhorn and Barr.l8 It c o n s i s t s  of a simple manometer, a bulb  
t o  p re s su r i ze  the  n i t rogen  with mercury, and a bulb loca ted  ad jacen t  t o  
the  sample. 
t he  low temperature bulb t h e  n i t rogen  vapor p re s su re  may be r ead  d i r e c t l y  
from the  meter bar .  
By p res su r i z ing  the  gas u n t i l  it p a r t i a l l y  l i q u e f i e s  i n  
With t h e  except ion of the  gas b u r e t t e ,  t h e  manometer and the  sample 
bulb,  t he  system i s  a t  room temperature. 
va r ious  p o i n t s  i n  order  t o  be a b l e  t o  c a l c u l a t e  volumes of gas i n  each 
component. 
vacuum t o  c lean  i t s  su r face ,  a small copper tube furnace of s u f f i c i e n t  
s i z e  t o  pass  over t h e  sample bulb i s  c o n t r o l l e d  by a v a r i a c .  
h e a t e r  i s  i n  use,  a mercury thermometer i s  hung ad jacen t  t o  t h e  sample 
bulb  t o  monitor i t s  temperature. 
Thermometers are loca ted  a t  
As pretreatment  of t h e  sample inc ludes  hea t ing  under a 
When t h i s  
The main vacuum manifold is  cons t ruc ted  of 1" diameter pyrex tubing.  
The tubing i n  the adsorption system cons is ts  of  2 am capil lary to reduce 
the volume. 
gas storage bulbs are constructed from 6 l i ter  Florence f l a s k s .  
The remaining tubing is  nearly a l l  10 mm Pyrex. The three 
CHAPTER N 
CALIBRATION AND EXPERIMENTAL PROCEDUBES 
Though a t  f i r s t  s i g h t  a n  adsorp t ion  appara tus  appear q u i t e  ompli- 
ca ted  (Fig. 2), it i s  q u i t e  simple i n  concept.  The appara tus  c o n s i s t s  
of several semi- i so la ted  components each of which i s  simple i n  design 
and use.  A gas pu r i fy ing  system c o n s i s t i n g  of a h o t  copper t r a p ,  a 
co ld  t r a p  and a s i l i c a  ge l  t r a p  i s  connected d i r e c t l y  with s to rage  
DuiDs used fijr stor i r ig  the prepared ges. 
bulbs and the  adso rp t ion  system proper  (Fig. 4) i s  a Toeppler pump used 
t o  t r a n s f e r  t he  gas  i n t o  t h e  adsorpt ion system. 
f o l d  i s  a high vacuum system used t o  evacuate each component of t he  
appara tus  and as a !'zero pressure" r e fe rence  f o r  t he  two manometers. 
The adsorp t ion  system conta ins  a gas b u r e t t e ,  a sample bulb and manom- 
e t e r .  I n  a d d i t i o n  t o  these  components an a u x i l i a r y  manifold i s  used t o  
raise o r  lower the  mercury l e v e l s .  
t h e  d e t a i l  drawing (Fig. 2) .  
. ... Lnczted hetween the  s to rage  
Much of t h e  g l a s s  mani- 
For s i m p l i c i t y  i t  i s  omit ted from 
A s h o r t  s tudy  of t h e  d e t a i l  drawing a long  wi th  t h e  d i scuss ion  i n  
Chapter I11 should be s u f f i c i e n t  f o r  ope ra t ion  of t he  appara tus .  
i n g  t h e  d a t a ,  however, could p re sen t  some d i f f i c u l t i e s  and it i s  t h e  
purpose of t h i s  chapter  t o  c l a r i f y  s e v e r a l  p o i n t s ,  in t roduce  a conven- 
i e n t  method of a n a l y s i s ,  and p resen t  t he  c m c e p t s  of c e r t a i n  co r rec -  
t i o n s  u t i l i z e d .  
Analyz- 
. 
I n  order  t o  p r e s e n t  a d e t a i l e d  d i scuss ion  i t  is  necessary t o  de f ine  
24 
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a system of u n i t s .  To be cons i s t en t  wi th  other  work of t h i s  na tu re  it 
is adv i sab le  t o  measure volumes i n  c m  , pres su re  i n  c m  of mercury, and 
temperatures i n  degrees Kelvin. 
u n i t  f o r  an amount of gas i s  cm3 a t  S.T.P. ( t h e  amount of gas contained 
i n  a volume of 1 cm3 a t  76 c m  p re s su re  and OOC.) . 
3 
With these  u n i t s  t h e  most convenient 
Using t h i s  convention 
it is proper  t o  speak of a n  amount of gas as a volume. 
As t h e  i d e a l  gas l a w  i s  normally v a l i d  a t  sub-atmospheric p re s su res  
and ord inary  temperatures ,  near ly  a l l  of t h e  system may be cha rac t e r -  
i zed  by it .  The only exception occurs  wi th  n i t rogen  gas a t  l i q u i d  
n i t rogen  t ehpe ra tu res  and i t  is  p o s s i b l e  t o  in t roduce  a c o r r e c t i o n  
f a c t o r  when necessary without  d i s r u p t i n g  the  scheme of a n a l y s i s  as w i l l  
-- . be shown aL: cne appropr i a t e  t i m e .  u c i i i e i n g  the ideal  gae iaw, the 
quan t i ty ,  V, of gas  a t  S.T.P. i n  a volume V ( i ) ,  a t  temperature  T(L)  and 
p res su re  P ( i )  is: 
By def in ing  the  quan t i ty  V ( i )  273.16/76 as a volume f a c t o r ,  denoted f ( i ) ,  
t he  volume of gas  i n  lln" volumes may be written: 
i= 1 
It i s  now p o s s i b l e  t o  express  t h e  volume of gas i n  the  adsorp t ion  
system provided s u f f i c i e n t  information i s  known. As d i f f e r e n t  p o r t i o n s  
of t h e  system (Fig. 4) are a t  d i f f e r e n t  temperatures i t  i s  necessary  
t o  consider  i t  as s e v e r a l  volumes: 1) the  gas b u r e t t e  c o n s i s t i n g  of 
the  f i v e  c a l i b r a t e d  bulbs ,  2) t he  connecting c a p i l l a r y  t o  t h e  manometer 
and the  sample i s o l a t i o n  stopcock (stopcock A), 3) t h e  c a p i l l a r y  between 
26 . 
1. 
stopcock A and the  l i q u i d  n i t rogen  l e v e l  i n  the  sample dewar, and 4) 
t he  f r e e  volume i n  t h e  sample bulb up t o  t h e  l i q u i d  n i t rogen  l e v e l .  
Volumes 1 and 2 a r e  always connected, hence P ( l )  = P(2). 
S imi l a r ly  P(3) = P(4). With stopcock A open a l l  p re s su res  are i d e n t i -  
c a l .  There may exist temperature g r a d i e n t s  i n  some p o r t i o n  of each 
volume. These g r a d i e n t s ,  however, are e i t h e r  small enough t o  be 
neglec ted  or t h e  a s soc ia t ed  volume i s  small leading  t o  a small e r r o r  
as i n  t h e  case  with V3 where a temperature change of Over 200 C e x i s t s .  
A small e r r o r  i n  c a l c u l a t i n g  f(3) w i l l  be  compensated f o r  by c a l i b r a -  
0 
t i o n  appearing as a change i n  t h e  va lue  of f (4). 
Throughout t he  course of an experiment t h e  volumes remain unchanged 
except fcr ?(I) =hick fs t he  indcpcz5znt -;ariaE.,lc. It is coc-;cci=nt ts 
have a t a b l e  of t h e  32 poss ib le  va lues  of f(1) wi th  t h e  a s soc ia t ed  bulb 
s e t t i n g s .  
The da ta  taken f o r  both c a l i b r a t i o n  and opera t ion  w i l l  f a l l  i n  
e i t h e r  of two c l a s s e s :  1) A open o r ,  2) A c losed  wi th  a knuwn volume 
(poss ib ly  zero) of gas i n  V(3) and V ( 4 ) .  I n  the  f i r s t  ca se  the  volume 
of gas  i n  t h e  system f o r  t he  i t h  po in t  i s  given by: 
I n  t h e  second case  t h e  l a s t  two t e r m s  w i l l  be cons t an t s  (poss ib ly  
zero) .  I n  t h e  case  of n i t rogen  a t  l i q u i d  n i t rogen  temperatures  it i s  
necessary t o  c o r r e c t  t he  last t e r m  by mul t ip ly ing  it by 
0.05 Pi 18 
(1 + 1. 
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For c a l i b r a t i o n  a f t e r  prepara t ion  of t he  sample and system 
. 
(outgassing,  evacuat ing,  cooling t h e  sample t o  - 78OK) t h e  adso rp t ion  
system with stopcock A c losed  is p res su r i zed  t o  about  2 cm of helium 
p res su re  and i s o l a t e d .  
appropr i a t e  manner and readings of p re s su re  and temperature taken. 
(See Appendix I f o r  a t abu la r  method of tak ing  data . )  
then opened and t h e  process  repeated.  
c a l i b r a t i o n  and t h e  a n a l y s i s  of t h i s  d a t a  i s  t o  be covered s h o r t l y .  
The volume of t h e  b u r e t t e  i s  then v a r i e d  i n  an 
Stopcock A is 
Th i s  g ives  s u f f i c i e n t  d a t a  f o r  
The data f o r  t h e  adsorp t ion  isotherms is taken i n  a similar manner 
b u t  wi th  n i t rogen  i n s t e a d  of helium. I n  t h i s  case ,  however, a lower 
p re s su re  may be necessary f o r  i n i t i a l  p o i n t s  and it may be necessary 
t o  add more gas t o  the  adsorp t ion  system i n  order  t o  reach  h igher  
p re s su res .  
adding gas t o  t h e  b u r e t t e ,  and t ak ing  a couple of p o i n t s  t o  determine 
the  new volume of gas  i n  volumes 1 and 2. 
w i l l  occur and it w i l l  be necessary t o  approach each p res su re  from the  
proper d i r e c t i o n .  
cock A whi le  a d j u s t i n g  t h e  b u r e t t e  then reopening it before  tak ing  
readings .  I n  a d d i t i o n ,  t he  n i t rogen  vapor p re s su re  manometer must be 
i n  use i n  order  t h a t  t h e  vapor p re s su re  be known a t  each p o i n t .  
-. i n i s  iat ter is rerriliiy acc~irij:iehac! by elcsing stcpcsck A, 
I n  some cases h y s t e r e s i s  
This  i s  m o s t  e a s i l y  accomplished by c los ing  s top -  
I n  ana lyz ing  t h e  da t a  i t  is necessary  t o  c o r r e c t  t h e  manometer t o  
s tandard readings .  Th i s  co r rec t ion  i m o l v e s  temperature ,  l o c a l  g r a v i t y  
and meniscus e f f e c t s .  As both sides of t h e  manometer are cons t ruc ted  
of t he  same p r e c i s i o n  bore tubing t o  reduce meniscus e f f e c t s  t o  a mini- 
mum t h i s  p a r t i c u l a r  co r rec t ion  i s  omit ted.  
2 1  The temperature co r rec t ion  i s  found t o  be: 
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I 
where : 
0 t = temperature of scale and mercury i n  C 
ts = temperature t o  which scale i s  co r rec t ed  
tm 
1 = c o e f f i c i e n t  of expansion of s c a l e  
m 
P' = measured p res su re  
P' = pres su re  co r rec t ed  fo r  temperature.  
I n  a d d i t i o n ,  t h e  above pressure  i s  co r rec t ed  t o  s tandard  g r a v i t y  by 
mul t ip ly ing  by: 
= s tandard  mercury temperature 
= volume of c o e f f i c i e n t  of expansion of mercury 
979.746 - l oca l  g r a v i t y  
980.665 s tandard g r a v i t y  
It i s  p o s s i b l e  t o  combine these  l as t  two equat ions  and cons t ruc t  
a t a b l e  f o r  l o c a l  condi t ions .  The t a b l e  w i l l  c o n s i s t  of t h e  temperature 
and an  a s soc ia t ed  c o r r e c t i o n  f a c t o r  which i s  m u l t i p l i e d  wi th  t h e  measured 
p res su re  t o  g ive  t h e  t r u e  pressure .  
0.99543 at 2OoC t o  0.99359 a t  3 l o C ,  and could f e a s i b l y  be omitted wi th-  
ou t  in t roducing  s i g n i f i c a n t  e r r o r  as i n  t h i s  case  the  g r a v i t y  c o r r e c t i o n  
tended t o  compensate f o r  t h e  temperature dev ia t ion .  
These co r rec t ion  f a c t o r s  range from 
I n  the  f i r s t  p a r t  of t h e  c a l i b r a t i o n  da ta  (helium used) t h e  system 
is governed by Equation 3 w i t h  t h e  l as t  two terms on the r i g h t  set 
equal  t o  ze ro I  i . e . ,  
v = (& + Pi = cons tan t .  
Th i s  equat ion may be rearranged t o  read  
J. l. A 
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I f  T(2) remains cons t an t ,  p l o t t i n g  l /P i  a g a i n s t  f i ( l )  /T i ( l )  w i l l  r e s u l t  
i n  a s t r a i g h t  l i n e  whose s lope i s  1 / V ,  t he  volume of gas i n  the  system. 
Obtaining f(2) from t h i s  graph is d i f f i c u l t  due t o  i t s  small va lue .  
Actua l ly  f(2) is  obtained by e i t h e r  p u t t i n g  V back i n t o  Equation 6 f o r  
s e v e r a l  data p o i n t s  and averaging t h e  va lues  of f(2) c a l c u l a t e d  o r  by 
us ing  Equation 6 w r i t t e n  i n  the form 
P l o t t i n g  f i ( l ) /T i ( l )  Pi aga ins t  P r e s u l t s  i n  a s t r a i g h t  l i n e  graph 
whose s lope  i s  -f(2) /T. (2) from which f(2) may be ex t r ac t ed .  
The quan t i ty  f(3) must be c a l c u l a t e d  from geometr ical  data. 
i 
1 
Equation 3 is then used t o  c a l c u l a t e  f(4) e i t h e r  d i r e c t l y  o r  by p l o t t i n g  
i t  i n  a form similar t o  Equation 8, i .e. ,  
I n  t h i s  manner both f(2) and f(4) a r e  determined and the  c a l i b r a t i o n  
complete. 
I n  ana lyz ing  t h e  adsorpt ion data the  volume of gas i n  the  system 
i s  determined wi th  stopcock A c losed .  
t he  t o t a l  valume of gas i s  given by t h e  sum of the  volumes i n  V ( l )  and 
V(2) and t h a t  gas i n  V(3) , V ( 4 )  and Vads where Vads is the  volume of 
gas adsorbed on the  sample. In any case  the  volume of gas adsorbed, 
'ads a 
i n  t he  system and the  amount remaining i n  the  gas phase f o r  t h e  i t h  
p o i n t .  
I n  t h e  case  of a recharge  of gas 
r. 
is  given by t h e  d i f f e rence  between the  t o t a l  volume of gas placed 
I n  c a l c u l a t i n g  the  volume of n i t rogen  i n  t h e  sample bulb  one i s  
again reminded that i t  i s  necessary to  multiply t h e  ideal gas volume 
.OS 
76 by [l +-PI. 
The data i s  normally presented as  an isotherm wi thV 
against the re lat ive  pressure P/P . The B.E.T. surface area is  deter- 
mined from a p l o t  of 
CL --c 
plotted ads 
0 P/Po 
'ads ( 0 
against P/P i n  accordance with l-P/P ) 0 
UEpCSI ZII. 
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CHAPTER v 
EXPERIMEWML RESULTS 
The B.E.T. area was determined and t h e  n i t r o g e n  adso rp t ion  isotherms 
were analyzed f o r  t h r e e  samples prepared as ind ica t ed  i n  Appendix I. 
a check on t h e  apparatus  t h e  B.E.T. area w a s  determined f o r  "Baymal" 
c o l l o i d a l  alumina obtained from DuPont. The c a l c u l a t e d  area of 265 
A s  
2 2 22 M /gm.agrees q u i t e  w e l l  w i t h  t h e i r  s t a t e d  va lue  of 275 M /gm. 
_ _ _  As measiircments of t h i s  type are highly dependent upon f i n a l  prepa- 
r a t i o n  it is f e l t  necessary t o  c i t e  wi th  t h e  r e s u l t s  t h e  d e t a i l s  of  t he  
outgassing procedure. 
The powder sample used was 7.81 gm of white  Sn02 powder. F i n a l  
0 treatment of t h e  sample before t h e  adso rp t ion  run  w a s  hea t ing  t o  200 C 
a t  10 t o r r  overnight .  The sample y i e lded  a type I1 isotherm a t  78 K 
wi th  no h y s t e r e s i s  (Fig.  5 ) .  Applicat ion of t h e  B.E.T. equat ion w a s  
v a l i d  t o  a re la t ive p res su re  of 0.20 (Fig.  6) and y ie lded  a s u r f a c e  
area of 1.99 M /gm. 
-6 0 
2 
The ceramic sample used consis ted of four  ceramic p e l l e t s  as de- 
s c r ibed  i n  Appendix 11. 
overnight a t  2OO0C and 10 
isotherm with no h y s t e r e s i s  (Fig. 7) a t  78'K. 
derived via  t h e  B.E.T. methodwas 0.37 M /gm. The B.E.T. p l o t  appeared 
v a l i d  t o  re la t ive p res su res  of 0.40 (Fig.  8) .  
Its mass w a s  5.706 gm and it  too w a s  p r e t r e a t e d  
-6 t o r r .  This  sample a l s o  exh ib i t ed  a type I1 
The s p e c i f i c  s u r f a c e  area 
2 
The g e l  sample consis ted of 0.131 gm of t h e  wh i t e  powder. Upon 
31 
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NITROGEN ADSORPTION 
ISOTHERM 
S,02 POWDER ( 7.8 gm.) at 78O K 
0 0.2 0.4 0.6 0.8 I .o 
RELATIVE PRESSURE, P/P, 
Figure 5 .  Nitrogen adsorption isotherm - powder. 
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BET LINEAR PLOT 
N 
X 
n 
a, 
a!? I 
a 
9 
0 
FOR CALCULATION OFAREA 
SnOn POWDER (7.8 gm.) 
.05 .lo 
RELATIVE PRESSURE P/P, 
. I5 
Figure 6 .  Linear B.E.T. plo t  - powder. 
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NITROGEN ADSORPTION 
ISOTHERM 
2 
2 
I 
I 
Sn02 CERAMIC (5.7gm.) at 78O K 
ADSORPTION 
0 DESORPTION 
I I I I J 
0.2 0.4 0.6 0.8 I .o 
RELATIVE PRESSURE, P/P, 
Figure 7 .  Nitrogen adsorption isotherm - ceramic. 
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BET LINEAR PLOT 
IO 
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0 
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4 
c 
FOR CALCULATION OF AREA 
S, O2 CERAMIC (5.7 gm.) 
I I I I J 
0. J 0.2 0.3 0.4 0.5 
RELATIVE PRESSURE, P/P, 
Figure 8. Linear B.E.T. plot - ceramic. 
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-6 pre t r ea tmen t  a t  220' under 10 
c o l o r .  I n  c o n t r a s t  t o  t h e  other  samples t h e  g e l  exhibi ted a type I or 
Langmuir isotherm a t  78 K, again w i t h  no h y s t e r e s i s  (Fig.  9 ) .  The 
B.E.T. p l o t  deviated from l i n e a r i t y  a t  r e l a t i v e  p re s su res  above 0.20 
(Fig. 10). 
t o  Goodman and Gregg's v a l u e  of 172 M /gm f o r  s i m i l a r l y  t r e a t e d  s t a n n i c  
oxide g e l .  
t o r r  the sample developed a yellow 
0 
The B.E.T. area was eva lua ted  t o  be 173 d/gm as  compared 
2 
17 
I n  a d d i t i o n ,  t h e  s t a t i s t i c a l  thickness ,  v/vm, of t h e  adsorbed 
l a y e r s  was c a l c u l a t e d  and p l o t t e d  (Fig.  11). The powder and ceramic 
sample p l o t s  exh ib i t ed  similar shapes and agreed f a i r l y  w e l l  i n  magni- 
tude; whereas t h e  g e l  p l o t  deviated s i g n i f i c a n t l y ,  implying t h a t  t h e  
de t a i l s  ot adso rp t ion  on t n e  gel sample w e ~ e  ~ u ~ s i d e r a k l y  diffsrent .  
I n  t h e  ceramic and powder samples t h e  type 11 isotherm w i t h  no 
h y s t e r e s i s  i s  taken t o  i n d i c a t e  a n  energy of adsorpt ion g r e a t e r  than 
t h e  h e a t  of l i q u e f a c t i o n  and suggests  t h a t  no s i g n i f i c a n t  number of 
pores  exis t  with r a d i i  less than 300 g. The na tu re  of t he  g e l  isotherm, 
on t h e  o the r  hand, may be reasonably a t t r i b u t e d  t o  the presence of pores  
of molecular dimensions. 
On each sample t h r e e  sets o f  da t a  s u f f i c i e n t  t o  o b t a i n  a B.E.T. 
area were taken. Two runs were normally r equ i r ed  i n  prel iminary work 
t o  determine what amounts o f  gas were requ i r ed  i n i t i a l l y  t o  y i e l d  p o i n t s  
i n  t h e  c o r r e c t  p re s su re  range. The t h i r d  run  on each sample w a s  taken 
with g r e a t e r  care and t h e  complete isotherm obtained. The da ta  from 
t h e  two prel iminary runs was then used as  a check on t h e  r e s u l t s  of t h e  
t h i r d  . 
NITROGEN ADSORPTION 
n .4 
tn W 
(51: 
0 
0 .3- 
LLJ z - 2 -  
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0 > 
2 
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ISOTHERM 
- 
I I 1 1 I 
SnOe GEL (0.13gm.) at 78OK 
ADSORPTION 
0 DESORPTION 
Figure 9 .  Nitrogen adsorption isotherm - g e l .  
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Figure 10. Linear B . E . T .  p lot  - g e l .  
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Figure 11. S t a t i s t i c a l  thickness of adsorbed layers. 
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CHAPTER VI 
CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 
An emphasized earlier, the adsorpt ion p r o p e r t i e s  of tne powder and 
ceramic samples appeared q u i t e  s i m i l a r  i n  na tu re .  A s  they both exhib- 
i t e d  a type 11 isotherm one must conclude t h a t  t h e  adsorbate  molecule 
"sees1' a f l a t  su r f ace  of uniform c h a r a c t e r i s t i c s .  I n  essence,  a un i -  
form s u r f a c e  could provide e i t h e r  a type I1 o r  type 111 isotherm behav- 
i o r  w i t h  t h e  d i s t i n c t i o n  between t h e  two being t h e  energy of adso rp t ion .  
I n  the  case of t h e  type 111 isotherm, the  adso rp t ion  energy i s  roughly 
equ iva len t  t o  a hea t  of condensation, wh i l e  t he  type I1 isotherm ad- 
so rp t ion  energy i s  somewhat g rea t e r  r e s u l t i n g  i n  a higher i n i t i a l  r ise .  
I n  a d d i t i o n ,  t h e  l a c k  of h y s t e r e s i s  f o r  both specimen forms i n d i c a t e s  
t h a t  t h e  number of small pores i s  n e g l i g i b l e .  
Assuming t h a t  t h e  ind iv idua l  powder p a r t i c l e s  a re  small nonporous 
bodies with f a i r l y  uniform su r faces ,  i t  is  poss ib l e  t o  c a l c u l a t e  t h e  
diameter of small spheres  r equ i r ed  t o  g ive  t h e  measured s u r f a c e  area. 
Such a c a l c u l a t i o n  g i v e s  as  the r e l a t i o n  between s u r f a c e  area and 
s p h e r i c a l  r a d i u s  t h e  equat ion:  
3 w i t h  7 gm/cm. taken as t h e  dens i ty  of each p a r t i c l e .  
f a c e  area gives  a v a l u e  of 0.43 microns as t h e  s p h e r i c a l  p a r t i c l e  
diameter.  This  agrees  w e l l  with the  microscopical ly  measured average 
The measured s u r -  
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diameter of around 1.5 microns. This  c a l c u l a t e d  diameter is i n  good 
agreement consider ing the  s impl i c i ty  of t h e  s p h e r i c a l  model. 
I n  conclusion, t he  powder appears t o  c o n s i s t  of s o l i d  p a r t i c l e s  
w i th  uniform su r faces  and l i t t l e  pore s t r u c t u r e .  As such i t  w i l l  be 
u s e f u l  i n  f u r t h e r  work as  a llstandard" su r face .  
The d e t a i l s  of adsorpt ion on t h e  ceramic appear t o  be c o n s i s t e n t  
w i th  t h a t  of t he  powder. The lack of h y s t e r e s i s  i n d i c a t e s  t h a t  no 
s i g n i f i c a n t  number o f  small pores with r a d i i  less than 300 1 exists.  
It i s  poss ib l e  t o  assume t h e  exis tence of s p h e r i c a l  pores i n  t h i s  
material and c a l c u l a t e  the pore diameter r equ i r ed  t o  give the  measured 
su r face .  With t h i s  model t h e  pore r a d i u s  is  given by: 
3(1-X) 
PAX ' r =  
where X i s  t h e  relative dens i ty  of t h e  ceramic, P t he  t r u e  d e n s i t y  of 
t h e  material and A t h e  measured area. 
of approximately 5000 2 which is c o n s i s t e n t  with t h e  l a c k  of h y s t e r e s i s  
i n  t h e  isotherm. This  c a l c u l a t i o n ,  of course,  con ta ins  t h e  e r r o r  of  
assuming a l l  pores  are  sphe r i ca l  and are open t o  t h e  su r face  of t h e  
sample. 
This  y i e l d s  a n  e f f e c t i v e  r a d i u s  
Fur the r  work wi th  ceramic samples is  ind ica t ed  s i n c e  by proper 
formation techniques t h e  su r face  area may be s i g n i f i c a n t l y  a l t e r e d  on 
a sample which i s  s u i t a b l e  for  e l e c t r i c a l  measurements. By producing 
a series of such samples, those e l ec t r i ca l  p r o p e r t i e s  dependent upon 
t h e  su r face  area may be  detected.  
a p p l i c a b l e  t o  c r y s t a l l i n e  samples  as t h e  ceramic e x h i b i t s  a normal 
isotherm. 
This information should be gene ra l ly  
Since t h e  shape of t h e  gel  isotherm d i f f e r s  r a d i c a l l y  from t h a t  of 
~ ~ 
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t h e  powder o r  ceramic, one must  conclude t h a t  a n  e n t i r e l y  d i f f e r e n t  
mechanism i s  respons ib le .  There are a t  p resent  two explana t ions  f o r  
t h e  type I or  Langmuir isotherm--monolayer adsorp t ion  o r  condensation 
i n  f i n e  c a p i l l a r i e s .  It is near ly  impossible t o  be l i eve  t h a t  adsorp- 
t i o n  would occur only as  a monolayer on a su r face  which i n  microscopic 
d e t a i l  should be s i m i l a r  t o  a su r face  e x h i b i t i n g  mul t i l aye r  adsorp t ion .  
Hence, i n  t h i s  case ,  t he  c a p i l l a r y  condensation p i c t u r e  of P i e r c e  and 
Smith seems more reasonable .  I n  t h i s  s i t u a t i o n  there i s  l i t t l e  14 
c r e d i b i l i t y  t o  such a parameter a s  su r face  a rea  when ca l cu la t ed  by the  
B.E.T. technique. In s t ead ,  one should speak of “adso rp t ive  capaci ty” 
o r  some parameter r e l a t e d  t o  i t s  a b i l i t y  t o  adsorb (or condense) a 
s p e c i f i c  gas.  
A t  p r e s e n t  t h e  g e l  has not  been used f o r  d i r e c t  e l e c t r i c a l  s t u d i e s .  
As t h e r e  i s  t h e  p o s s i b i l i t y  t h a t  i t  has  d i f f e r e n t  impur i t i e s  than t h e  
powder, i t  would look worthwhile t o  a t tempt  t o  grow c r y s t a l s  23 or t o  
make ceramics us ing  the  g e l  a s  a b a s i c  s t a r t i n g  substance.  Hopefully 
t h i s  could make i t  p o s s i b l e  t o  i s o l a t e  some e l e c t r i c a l  p r o p e r t i e s  of 
s t ann ic  oxide which a r e  dependent upon impur i t i e s .  
The g e l ,  as i s  normally expected of  g e l s ,  is a good adsorbent .  
As such it w i l l  be u s e f u l  i n  s t u d i e s  r e q u i r i n g  a l a r g e  amount of ad-  
sorbed material such a s  I R  absorpt ion and NMR measurements. I n  a d d i t i o n  
i t  may prove f e a s i b l e  t o  u t i l i z e  i t  a s  a des s i can t  i n  s t u d i e s  involving 
s t ann ic  oxide as i t  w i l l  then no t  be necessary t o  have an  impurity such 
a s  s i l i c a  g e l  i n  t h e  system. 
It should now be poss ib l e  t o  extend the  r e s u l t s  of t h e  work t o  
chemisorption s t u d i e s  and t o  g e t  a n  i n d i c a t i o n  of chemisorbed oxygen 
coverage which can be related t o  e l e c t r i c a l  p r o p e r t i e s .  This  i n  t u r n  
43 .. 
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should help c l a r i f y  the dependence of e l ec tr i ca l  conductivity and other 
properties upon oxygen pressure and temperature. 
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CHAPTER V I 1  
PROPOSED EQUIPMENT DESIGN CHANGES 
As t o  be expected and probably hoped f o r ,  t h e  cons t ruc t ion  and use 
of a new p iece  of apparatus  of ten  l eads  t o  new ideas  i n  design.  This  
has  been the  case  dur ing  the  course of t h i s  s tudy.  
wi th  the  appara tus  i s  t h e  method of r a i s i n g  and lowering t h e  mercury 
l e v e l s  r equ i r ed  f o r  volume changes, manometry, and system i s o l a t i o n .  
This d i f f i c u l t y  i s  due t o  t h e  means of support  of t he  mercury columns. 
I n  t h e  p r e s e n t  des ign  t h e  mercury is supported by a i r  t rapped i n s i d e  a 
c losed  volume. Hence any sudden change of p re s su re  i n s i d e  the  system 
al lows t h e  mercury l e v e l s  t o  s h i f t  d r a s t i c a l l y .  
a b l e  t o  support  the  mercury i n  another  manner. 
A major d i f f i c u l t y  
It would thus  be adv i s -  
I n  essence one d e s i r e s  a method t o  fo rce  t h e  mercury l e v e l  upward 
o r  t o  a l low i t  t o  f a l l .  The s implest  s o l u t i o n  is  t o  enc lose  the  mercury 
i n  a con ta ine r  of v a r i a b l e  volume. By decreas ing  t h e  volume t h e  mercury 
would be pumped upward. A bellows o r  a small p i s t o n  pump cons t ruc ted  
of t h e  proper  material w i l l  provide t h e  necessary a c t i o n .  
It i s  proposed t h a t  a l l  mercury l e v e l s  i n  the  system be supported 
I n  t h e  present  by small p i s t o n  pumps each ac tua ted  by a screw thread .  
appara tus  such a p i s ton  pump on t h e  manometer has  proven q u i t e  success-  
f u l  i n  an  i d e n t i c a l  r o l e .  It c o n s i s t s  of a s t a i n l e s s  steel cy l inde r  
and a p i s t o n  wi th  vacuum grease sea l ed  O-rings.  Before i n s t a l l a t i o n  of 
mercury t h i s  pump w a s  evacuated t o  test  f o r  l eaks  and it w a s  found t h a t  
44 
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-6 t h e  adsorp t ion  system could be maintained a t  10 t o r r  i n d e f i n i t e l y .  
I n  use  wi th  mercury i n s t a l l e d  t h i s  pump has worked amazingly w e l l .  
F igure  12 i s  a c r o s s  sec t ion  of a p o r t i o n  of the  proposed gas 
b u r e t t e .  
s p h e r i c a l  t o  a c y l i n d r i c a l  shape t o  a l low smaller t o t a l  dimensions i n  
the  ipparatus and t o  reduce the  s i z e  of t h e  s t a i n l e s s  steel block from 
which the  cy l inde r s  are t o  be machined. The f i g u r e  a l s o  shows two 
cy l inde r s ,  one f o r  coarse  changes i n  mercury l e v e l  and one f o r  f i n e .  
The c a l i b r a t e d  bulb i s  completely enclosed i n  t h e  water  ba th ,  t he  back 
of which i s  used a s  a mount fo r  much of t h e  adsorp t ion  system as i l l u s -  
t r a t e d  i n  F igure  13. 
The c a l i b r a t e d  bulb i n  t h i s  design has been changed from a 
Figure  13 g ives  t h e  f r o n t  view of t h e  e s s e n i i a i  pai-ts of tke systec?. 
The v e r t i c a l  p i s t o n  t o  the l e f t  r ep laces  the  Toeppler pump without  the  
use  of any expensive mercury. This  pump may a l s o  be used t o  charge the  
n i t rogen  vapor p re s su re  monitoring system, aga in  wi th  a s i g n i f i c a n t  
reduct ion  i n  t h e  amount of mercury requi red .  Also i l l u s t r a t e d  a r e  two 
pis ton-ac tua ted  mercury cu t -o f f s  which remove t h r e e  stopcocks from the  
adsorp t ion  system. 
inches.  I n  a d d i t i o n ,  a s imi l a r  p i s t o n  arrangement i s  proposed f o r  t he  
manometer. 
This  p a r t  of t he  system is  about 18 inches  by 14  
As i l l u s t r a t e d ,  t h e  proposed system w i l l  r e q u i r e  s e v e r a l  vacuum 
t i g h t  mercury i n e r t  seals. 
used i n  the  p re sen t  manometer b u t  i t  should a l s o  be p o s s i b l e  t o  make 
them wi th  an  epoxy r e s i n  i f  it i s  s u f f i c i e n t l y  i n e r t  wi th  r e s p e c t  t o  
mercury . 
For such s e a l s  "Apiezon W" wax has been 
I n  summary, t he  proposed modi f ica t ion  should make p o s s i b l e  a system 
wi th  smaller dead space thus  inc reas ing  t h e  accuracy. The mercury 
.. 46 
Figure 12. Proposed gas burette cross sect ion.  
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l e v e l s  can be ad jus t ed  mare accu ra t e ly .  
be g r e a t l y  improved Over t h e  cur ren t  design.  
mercury s p i l l s  is  reduced tremendously thus g iv ing  a va luab le  s a f e t y  
f a c t o r .  I n  add i t ion ,  a n  a u x i l i a r y  a i r  p re s su re  supply, a vacuum pump, 
a pressure-vacuum manifold, and s e v e r a l  stopcocks w i l l  no longer  be 
required. 
reduced by two-thirds .  The cos t  of t h e  s t a i n l e s s  steel components should 
be more than compensated f o r  by the  savings above i l l u s t r a t e d .  
The ease  of opera t ion  should 
The chance of acc iden ta l  
The quan t i ty  of mercury necessary f o r  t h e  apparatus  w i l l  be 
. .. 
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APPENDIX I 
TABULAR FORM FOR TAKING AND ANALYZING DATA 
A s  t h e  experimental  method r equ i r e s  a g r e a t  d e a l  of i n f o m t i z r .  
it is  h e l p f u l  to take  da t a  i n  tabular  form. It is  convenient a l s o  to  
keep the a n a l y s i s  wi th  t h e  da ta .  
i ng  the  course of t h i s  s tudy  resu l ted  i n  27 columns each of which was 
used i n  tak ing  and ana lyz ing  data .  L i s t ed  below is the  number of each 
column, what i t  con ta ins  and, if it is to be c a l c u l a t e d ,  t he  manner of 
c a l c u l a t i o n .  The underl ined numbers r e f e r  to  columns and imply t h a t  
t he  value of t h a t  column f o r  the  po in t  i s  to  be used i n  ca l cu la t ion .  
For  example, i n  column 17 Po = (2 - 14) means the  number to  be in-  
s e r t e d  i n  t h a t  column is the vapor pressure of  t he  adsorba te  gas. 
va lue  i s  the  d i f f e r e n c e  i n  he ights  of t he  mercury l eve l s  i n  the  vapor 
pressure  manometer which a r e  contained i n  columns 13 and 14. 
The t a b u l a t i o n  method developed dur-  
The 
Column N o .  
1 
Column T i t l e  
Time 
Remarks (A opened, c losed;  H e ,  N2 etc . )  
Bulb s e t t i n g  
Volume f a c t o r  f o r  bu lbs ,  f(1) from t a b l e s  
Bar pressure  (Mark lower than l e v e l )  
Bar mark on cathetometer 
Mercury l e v e l  on cathetometer  
Liquid N2 l e v e l  (keep wi th in  1/2 inch of r e f .  pt.) 
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52 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
2 1  
22 
23 
24 
25 
26 
27 
Temperature of r o o m  
Temperature of manometer 
Temperature of  b u r e t t e  
Temperature of sample (%) 
Po upper 
P lower 
Bar pressure = (5- + 1 - 5) 
0 
Absolute pressure = 15 x c o r r e c t i o n  f a c t o r  
=(2-14) 
P 
Absolute pressure c o r r e c t i o n  f o r  V 4  = (1 + 9) P to
cor rec t ed  = 17 x c o r r e c t i o n  f a c t o r  
0 
comynsate for d e v i a t i o n  from i d e a l  gas law 
V ( 1 )  = (2 x 16 
c a l i b r a t e d  bulbs 
(2 + 273.2)) Volume of gas i n  
= Q - - 24 where Q is t he  volume of gas i n  t h e  system Vads 
P/Po = (16 f 18) 
, P/Po 26 
25 (i- 26) v (1 - P/Po) -3: ads 
-a 
APPENDIX 11 
SAMPLE PREPARATION 
The s t a n n i c  oxide (SnO,] used  i n  this s tw j  is prepared i n  t h r e e  
d i f f e r e n t  forms which have g r e a t l y  d i f f e r e n t  s u r f a c e  p rope r t i e s .  
A s  a base m a t e r i a l  commercia1 s t ann ic  oxide powder (F isher  c e r t i -  
f i e d  reagent  Sn02 powder) is used. 
has  an  average p a r t i c l e  diameter es t imated  to  be 1.5 microns. Powders 
of t h i s  s i z e ,  assuming t h a t  each g r a i n  i s  non-porous, should appear a s  
a " f l a t "  su r f ace  to  the  adsorbate and should e x h i b i t  e i t h e r  a type I1 
or type I11 isotherm,  depending upon the  h e a t  of adsorp t ion .  
This  i s  a f i n e  white  powder which 
The second form under study is s t a n n i c  oxide ceramic. This  ceramic 
i s  prepared by making an acetone s l u r r y  of the  powder, p ress ing  i t  i n t o  
p e l l e t s  wi th  pressures  of around 10,000 p .s . i .  and f i r i n g  it a t  1360° C 
f o r  19-20 hours.8 
diameter and 1/8 inch thickness .  It e x h i b i t s  a s l i g h t  pink co lo r  on 
the  su r face  while the  i n t e r i o r  remains white.  The p e l l e t  d e n s i t y  is 
4.6 gm/cm The su r face  
a rea  of ceramics i s  expected t o  decrease while the  shape of t h e  isotherm 
should be determined by pore s t r u c t u r e .  
(Fig. 14) a r e  i n d i c a t i v e  of t h i s  porous s t r u c t u r e .  
The r e s u l t i n g  ceramic is a hard d i s k  wi th  1/2 inch 
3 3 
compared to  c r y s t a l l i n e  dens i ty  of 7 gm/cm . 
Micrographs of Sn02 ceramic 
S tannic  oxide gels were an o b j e c t  of s tudy from 1915 to  1932 under 
24 the  name of s t a n n i c  a c i d s  and can be prepared by s e v e r a l  methods. 
The method used i n  preparing the g e l  c l o s e l y  p a r a l l e l s  t h a t  of Goodman 
53 
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and Gregg.17 
e t h y l  a lcohol .  
added t h e  proper amount of s t ann ic  ch lo r ide  and re f luxed  f o r  t h i r t y  
hours  , r e s u l t i n g  i n  s t a n n i c  t e t r a - e t h y l a t e  i n  a l coho l  s o l u t i o n  and 
sodium ch lo r ide  p r e c i p i t a t e  which is next removed by f i l t e r i n g .  The 
s t a n n i c  t e t r a - e t h y l a t e  is poured i n t o  an excess  of d i s t i l l e d  water a t  
For i t s  preparat ion m e t a l l i c  sodium is  d isso lved  i n  excess 
To t h e  r e s u l t i n g  sodium ethoxide i n  a l coho l  s o l u t i o n  is  
r o o m  temperature from which SnO g e l  p r e c i p i t a t e s  slowly. The prepara- 2 
t i o n  may be sketched i n  equat ion form a s :  
5 H5C20H + Na + NaOC2H5 + 4 H5C20H 
4 NaOC2H5 + 16 H5C20H + SnC14 -, Sn(0C H ) + 4 H5C20H i- 4 NaCl 2 5 4  
Sn(OC-H-). + 4 H,C,OH + 10 H20 -, Sn02-nH20 + 
The l i q u i d  is then removed by s iphoning and, a f t e r  washing i n  
x H,O + 5 H,C,OH 
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d i s t i l l e d  water ,  the  p r e c i p i t a t e  i s  d r i ed  i n  a i r  a t  room temperature.  
G e l s ,  i n  gene ra l ,  have a porous s t r u c t u r e  and e x h i b i t  a high s u r -  
f a c e  a rea .  Hence they a r e  p a r t i c u l a r l y  va luable  f o r  use i n  the  s tudy 
of su r faces .  As t h e  na ture  of g e l s  i s  not common knowledge i t  is 
appropr i a t e  t o  d i s c u s s  s h o r t l y  some of t h e i r  p r o p e r t i e s .  25 
Gels a r e  coagulated co l lo ids  which may be a p r e c i p i t a t e  o r  a 
coherent  , more-or-less e l a s t i c ,  s o l i d  enc los ing  p a r t  of t he  d i spe r s ion  
medium. 
above. 
Also  included a s  g e l s  a r e  the  des s i ca t ed  products of the  
I f  t he  g e l  has a high l i qu id  content  i t  is  termed a j e l l y .  
has  a low l i q u i d  conten t  (dess ica ted  bodies) i t  is  c a l l e d  a xerogel .  
Included i n  the  l a t t e r  category a r e  the  hydrous oxides of aluminum, t i n ,  
i r o n ,  chromium and cerium which a r e  formed by the  e l e c t r o l y t i c  coagula- 
t i o n  of hydrosols .  A s o l  i s  a c o l l o i d a l  suspension of a s o l i d  i n  a 
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l i q u i d .  I n  the  case of hydrosols the  l i q u i d  is  water.  
Gel formation may be considered the  r e s u l t  of p r e c i p i t a t i o n  of a 
s o l .  I n  t h i s  case  condi t ions  a r e  changed so t h a t  the d ispersed  s o l u t e  
i s  no longer so luble .  This may e n t a i l  a temperature change, a so lven t  
change o r  o t h e r  methods. I n  order  f o r  t he  p r e c i p i t a t e  t o  have the  
c h a r a c t e r i s t i c  gel p r o p e r t i e s  (porous brush-heap s t r u c t u r e )  t he  prec ip-  
i t a t i o n  m a t e r i a l  must maintain an  a f f i n i t y  f o r  t he  so lvent .  I n  pre-  
c i p i t a t i o n  the  so lven t  a c t s  t o  support  the  framework of the  ge l .  When 
t h e  so lven t  is  l a t e r  removed, t he  framework e x h i b i t s  a f i n e l y  porous 
s t r u c t u r e .  Conditions dur ing  p r e c i p i t a t i o n  must be con t ro l l ed  to pre-  
vent  co l l apse  of the  framework. Thus, the  f i n a l  p rope r t i e s  a r e  h ighly  
dewi,defit iipoii &I-- -L--- -c tL- r r l l r ~ d n l  . . . l ~ t 4 ~ 1 0 ~  9 - A  tho  ~ n n r l i t i n n c  
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of  p r e c i p i t a t i o n .  
Since g e l s  have a f i n e  porous s t r u c t u r e  they a r e  expected to  
e x h i b i t  a high su r face  a r e a ,  and the  shape of the  adsorp t ion  isotherm 
i s  expected t o  be dependent upon pore and c a p i l l a r y  e f f e c t s .  
E lec t ron  micrographs (Fig. 15) of t he  Sn02 g e l  p a r t i c l e s  i n d i c a t e  
no predominate shape of the p a r t i c l e s .  The s i z e  of these  p a r t i c l e s  
ranges from 100 t o  1000 8 i n  diameter.  
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